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We review recent developments in the perturbative QCD approach to exclusive hadronic B meson 
decays. We discuss the important next-to-leading-order corrections to B — > nK, nn, and the 
penguin-dominated B — > PV modes, where P (V) is a pseudo-scalar (vector) meson. 
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I. INTRODUCTION 

B factory experiments have accumulated a lot of data 
on exclusive hadronic B decays, and have reported many 
interesting results Some observables, mixing-induced 
CP asymmetries for b — > s penguin modes, branching ra- 
tios and direct CP asymmetries for B — > nK and tttt, 
and other observables, have exhibited some deviations 
from naive expectations in the Standard Model (SM). 
It is necessary to go beyond naive estimations for un- 
derstanding the observed deviations, by including sub- 
dominant contributions, such as spectator and annihi- 
lation diagrams, and higher-order corrections. Most of 
the calculations of B decay amplitudes rely on the fac- 
torization of decay amplitudes into a product of short- 
distance and long-distance physics. QCD-improved fac- 
torization (QCDF) 0] and soft-collinear effective theory 
(SCET) [3( are based on collinear factorization theorem, 
but the perturbative QCD (PQCD) approach [1| is based 
on kr factorization theorem. Employing collinear factor- 
ization theorem, some decay amplitudes involve a singu- 
larity arising from the end-point region of parton mo- 
mentum fractions. An end-point singularity implies that 
the decay amplitude is dominated by soft dynamics and 
cannot be further factorized. Such soft contributions are 
regarded as phenomenological parameters, which are fit- 
ted from experimental data. 

In the PQCD approach with kr factorization theorem, 
there is no end-point singularity because of the Sudakov 
factor All amplitudes then can be factorized into 
parton distribution amplitudes the Sudakov factors 
e~ s , the jet function J, and the hard kernel H as [f| 



A(B — ► M 2 M 3 ) = <$>M 2 ®'&M 3 l g>H®J<, 



<$B , (1) 



where the symbols £g> stand for convolutions in both lon- 
gitudinal and transverse momenta of partons. The distri- 
bution amplitudes, which are universal in the processes 
under consideration, are determined from experiments, 
the light-cone QCD sum rules, lattice calculations, or 
other non-perturbative methods, and are the main source 
of uncertainty. The hard kernel is characterized by the 
hard scale t ~ 0( v / Aro&), where A is a hadronic scale and 
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FIG. 1: PQCD factorization theorem for B -» M 2 M 3 



mb the b quark mass, and can be evaluated as an expan- 
sion in powers of a s (t) and A/t. The schematic picture 
of the factorization theorem is displayed in Fig. [TJ The 
parton transverse momenta kx in the mesons are of the 
order of A. With infinitely many collinear gluon emis- 
sions, kx accumulate and reach O(yArnb) in the hard 
kernel. It ensures the absence of the end-point singu- 
larities Q. The hard kernels of the spectator and the 
annihilation contributions, as well as the emission con- 
tribution, are calculable and start from 0(a s ). PQCD 
has applied to various two-body B decays at leading or- 
der (LO) in a s , and has made reasonable predictions for 
many modes. Note that PQCD predicts a large direct 
CP asymmetry in the B° — > ir^K^ mode as a result of a 
large strong phase arising from scalar-penguin annihila- 
tion diagrams [4(. Recently, a part of next-to- leading- 
order (NLO) contributions have been included in the 
PQCD approach [zHIHl- Only the most important NLO 
contributions coming from the NLO Wilson coefficients, 
the vertex corrections, the quark loops, and the mag- 
netic penguin, shown in Fig. [2 have been considered [7[ , 
because other NLO corrections, mainly to the B meson 
transition form factors, can be eliminated by choosing 
an appropriate scale t ~ 0{ y/krrib ) In this talk, 

we summarize NLO PQCD predictions for B — * irK, irir, 
and the penguin-dominated B — + PV modes, P(V) being 
a pseudo-scalar (vector) meson. 

This talk is organized as follows: In Sec. [Til we discuss 
the branching ratios and the CP asymmetries of B — ■> ttK 
and 7T7T with the NLO corrections. The predictions of 
the penguin-dominated B — > PV decays are presented in 
Sec. Mil The mixing-induced CP asymmetries for b — > s 
penguin modes are in Sec. IIVI Section [V] is a summary. 
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FIG. 2: Examples of NLO diagrams: (a) the vertex correction, (b) the quark loop, and (c) the magnetic penguin, where the 
dots and the square represent local operators. 



TABLE I: Branching ratios in units 
asymmetries in percentage for the B - 



of 10" 6 and direct CP 
-> 7r K and tvty decays [t| . 



Mode 


Br(HT 6 ) 
Data [1] LO NLO 


^cp(10" 2 ) 
Data [1] LO NLO 


7T K 


23.1 ± 1.0 17.0 23.6+g 4 4 t ' 
12.8 ±0.6 10.2 13.6i5° 7 3 
19.7 ±0.6 14.2 20.4l^ 4 1 
10.0 ± 0.6 5.7 8.7tf:2 


0.9 ±2.5 -1 0±0 
4.7 ±2.6 -8 -l±l 
-9.3 ±1.5 -12 -10±l 
-12 ±11 -2 -7±l 




5.2 ± 0.2 7.0 6.5^3.8 
5.7 ±0.4 3.5 4,0±it 
1.31 ± 0.21 0.12 0.29±g;|g 


39 ± 7 14 181 12 
4±5 0±0 
36±|? -4 63±1| 



II. B^nK PUZZLE 

The current data of the direct CP asymmetries of B — > 
7riT and the branching ratios of _B — > 7T7t listed in Table U 
are inconsistent with the naive expectations 

A C p(B ± -> tPK* 1 ) » A C p(S° -> TT^i^) , 

Br(S° -> ttM 1 ) > Br(S° -> ttV) . (2) 

These relations can be understood in the topological- 
amplitude decompositions (see Ref. Q and references 
therein): 



V2A(B+ - 
A(B° - 
A(B° - 
y/2A(B° 



■ TT°K+) 
► 7T + 7T~) 



-p'-p' - 

ew 

-P' — T'e^ 3 
-T - Pe** 3 , 



(T' + C) e^ 3 , 



7r°7r ) = (P-P ew )e^- 



C, 



(3) 



where I'M, C (,) , and F e ( ^ stand for the color- 

allowed tree, color-suppressed tree, penguin, and elec- 
troweak penguin amplitudes, respectively, and 4> 2 and 03 
are the Cabbibo-Kobayashi-Maskawa (CKM) phase de- 
fined by Kb = \Vub\ex?{-i<fo), Vtd = \Vtd\ exp(-j0i), 
and <p2 = 180° — 0i — 03- Assuming the hierarchies, 
P' > T', P' ew > C for B — > ttK and T > C, P > P ew for 
_B — > 7T7T, the relations in Eq. ([2]) can be derived, where 
the asymmetries arc written as 



A C p(B ± 
A CP (B° 



> /if 1 ) 
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FIG. 3: Tree T', color-suppressed tree C' , and penguin P' 
amplitudes in the complex plane, where |P'| is much larger 
than \T'\ and \C'\ 0. The amplitudes with the subscript LO 
(NLO) were calculated up to LO (NLO) in a s . 



The mixing- induced CP asymmetry for B° — > tt°Ks has 
exhibited another puzzle. Hence, the current data seem 
to require a large C^'\ a large Pe'2 with a new CP vio- 
lating phase, or both of them (see, e.g., Refs. UGH and 
references therein). 

The LO PQCD predictions follow the naive expec- 
tations as listed in the third and sixth columns of Ta- 
ble 21 [4. The effect of the NLO corrections was studied 
in Ref. [7j . The sum of the quark loops and the magnetic 
penguin reduces the penguin amplitudes by about 10% 
in the B — » irK decays and affects the CP asymmetries 
little. The vertex corrections much affect C , associated 
with the effective Wilson coefficient 



a 2 (n) 



Ci(M) 



N c J 9tt 



V 2 {y)C 2 ^) , (5) 



where N c = 3 is the number of colors and V 2 the loop 
function from the vertex corrections. The vertex cor- 
rection term has a large coefficient C 2 , whereas the LO 
ones cancel between C\ and C 2 /N c . Therefore the vertex 
corrections enhance C significantly and rotate its phase, 
such that T' + C is anti-parallel to P' as shown in Fig.[3l 
where C is still subdominant compared with T'. Thus, 
A G p(B ± -> Tr ^ 1 ) vanishes and NLO PQCD predicts 
the pattern Q 



\A CP {B ± ^n ^ « \Acp(B° ^^K d 



(6) 



as listed in the last column of Table HI 

Similarly, C for B — > tttt is enhanced by the ver- 
tex corrections, but it is insufficient to accommodate 
Br(B° -> 7r°7r°) to the measured value Q. NLO PQCD 
predicts \C/T\ « 0.2 for B — > itit, though a much 
larger \CJT\ w 0.8 is required to explain the observed 
Br(S° — > 7r 7r°). Note that the larger C also contributes 
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TABLE II: Branching ratios in units of 10 and direct CP 
asymmetries in percentage for the B —* irK* , pK, uoK, and 
4>K decays 0. 



Mode 


Br(10- 6 ) 
Data ]1\ LO NLO 


A CP (10- 2 ) 

~r\ , Til T t~\ ATT f ~\ 

Data ]1\ LO NLO 


TT K 
IT K 

n°K*° 


11.3 ±1.0 5.5 6.O+1.5 
6.9 ± 2.3 4.0 4.3+2 2 
9.8 ±1.1 5.1 6.0+^6 
1.7 ±0.8 1.5 2.0tJ-g 


-8.6 ±5.6 -3 -l+o 
4 ± 29 —38 —32^28 
-5 ±14 -56 -60+g 

-ltll "5 -u±i 


p ± K il 
p°A± 
p^K* 
p"K" 


< 48 3.6 8.7+^ 
4.25_ gg 2.5 5.1_ 2 g 
9.9±i;| 4.7 8.8^4.5 
5.4 ± 0.9 2.5 4.8^2.3 


2 1 ± 1 

31±i 79 71±f B 
lTt\t 83 64±|S 
-64 ±46 7 7+J 


loK ± 
ujK° 


6.9 ±0.5 2.1 10.6±5 U g 4 
4.8 ± 0.6 1.9 9.8+4 9 


5 ± 6 82 32+.}^ 
21 ±19 -4 -3+4 


0K° 


8.30 ±0.65 13.8 7.8t.l% 
8.3ti;g 12.9 7.3+^g 


3.4 ±4.4 -2 1+1 
-1± 13 3^2 



to the B° -> p°p° mode. The NLO PQCD prediction 
for Br(i3° — * p p®) has almost reached the experimen- 
tal upper bound [8[. Thus it is unlikely to accommodate 
both Br(B° -> 7r°7r°) and Br(B° ->■ p°p°) to the data 
simultaneously. 



III. PENGUIN-DOMINATED B — > PV DECAYS 

It is expected that the NLO corrections also affect pen- 
guin dominated B — > PV^ modes, such as -B — > 7r/T* , 
pAT, wAT, and (/>AT. In QCDF, those branching ratios 
are usually smaller than the observed values [1J . On the 
other hand, in PQCD, the predicted branching ratios for 
B — > are large enough to explain the data 

The LO and NLO PQCD predictions for the B ^ PV 
branching ratios 0], as well as the current data [l[, are 
summarized in Table HT1 The LO predictions show a hi- 
erarchy of the branching ratios: Br(B — > 7rAT) > Br(P> — > 
7rAT*)>Br(_B — > p(w)A"). The hierarchy can naively be 
understood by considering penguin emission amplitudes 
associated with the effective Wilson coefficients 114 and 
a6 shown in Figs. Ufa) and (b), respectively. Because 
of the destructive (constructive) combination of the 04 
and as amplitudes in B — ► p(u))K (in B — ► irK), the 
branching ratios for B — > p(uj)K are smaller than those 
for _B — > 7rAT. The smaller £? — > ttA'* ratios are caused by 
the fact that those modes have no emission diagram. 

Including the NLO corrections, the predictions for the 
B — > PV branching ratios are in better agreement with 
the data as shown in Table [TTJ The NLO predictions 
for B ± -> 7^ AT* , TT® K*^~ , and n^K** reach only 2/3 
of the measured values, whereas that for B° — ► 7r AT* 
is in agreement with the data. Considering the uncer- 
tainties of both the theoretical predictions and the data, 
the discrepancy is not serious. Note that the hierarchy 
Br{B ->■ ttK*)>Bt(B -> p(u)K) at LO is reversed into 
Br{B -> 7rJC*)<Br(B -> p(u)K) with the NLO effects. 



The NLO corrections dramatically enhance the B — > pAT, 
wAT branching ratios. As a result, the NLO predictions 
for the B — * pK decays are in agreement with the data, 
while the central values of the NLO B — > ojK predictions 
are higher than the observed ones. The B — ► uiK modes, 
as well as the B — > ciA" modes, have an additional 05 
amplitude shown in Fig. E^c) . The vertex corrections to 
the 05 amplitude increase (decrease) the B — > uoK (4>K) 
branching ratios significantly. If the hard scale is lifted 
slightly, the 05 contribution is moderated. Br(£? — > coK) 
and Br(_B — > <j)K) then decrease and increase, respec- 
tively, approaching the central values of the data. 

The observed patterns of the direct CP asymmetries 
differ among the B — > 7rAT, ttK* , and pK modes as shown 
in Tables HI and ILT1 [ 1 ] . As explained in the last section, the 
penguin amplitude P' in the B — > ixK decays is in the 
second quadrant with a strong phase coming from the 
scalar-penguin annihilation diagram in Fig. [Hd). The 
color-suppressed tree amplitude C is enhanced by the 
vertex corrections, such that T' + C is almost anti- 
parallel to P'. It leads to the pattern in Eq. ^ and 
a negative asymmetry in the B° — > tt^K mode. In the 
B — ► irK* decays, P' is more inclined to the positive 
imaginary axis compared to that in the B — > -kK decays. 
T" and P' are then more orthogonal to each other, and 
T' + C and P' do not line up. Therefore, PQCD predicts 
the larger asymmetries with the pattern Q 

\A CP (B ± ^tt ^)! < \A CP (B° -» tt+K^)! , (7) 

as shown in Table HT1 In the case of the B — > pAT decays, 
the real part of P' diminishes due to the destructive inter- 
ference between Figs. HJa) and (b). Because of the sign 
flip of the scalar-penguin annihilation amplitude, P' is 
roughly aligned with the negative imaginary axis. There- 
fore, the predicted direct CP asymmetries are larger and 
positive with [9j 

A C p(B ± -» p°X±) « A CP (S° -> p T X±) . (8) 

Thus, NLO PQCD predicts the different patterns of the 
direct CP asymmetries among the B — ► 7rAf, 7rAT*, and 
pA' modes as shown in Eqs. ©, (|7|), and (jHJ). 

IV. MIXING-INDUCED CP ASYMMETRIES 

The mixing-induced CP asymmetries for the penguin- 
dominated modes are useful to search for new physics 
beyond the SM. Their asymmetries are naively expected 
to be identical to those for the tree-dominated b — ► 
ccs modes, S cSs = sin(2</>i). The possible SM devi- 
ation ASf = Sf — sin(2</>i) for the final states / (= 
ir°Ks, p°Ks, uKs, 4>Ks) can be written as 

AS f ~ 2 (\Wp 2 +V 2 - 008(2^) sin (fe , (9) 

where A, p, and 77 are the CKM parameters. For the small 
C case, the deviation is small and positive (ASf ~ 0.02). 
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FIG. 4: Penguin emission and annihilation amplitudes, where the emission ones (a), (b), and (c) are associated with £14, ag, 
and 05, respectively. 



TABLE III: Possible SM deviations of the mi xing -induced 
CP asymmetries in PQCD @, H, in QCDF [Q, and in 
QCDF+LD [3. 



nK , 7T7T, and the penguin-dominated B 



Mode 


Data [1] 


PQCD 


QCDF 


QCDF±LD 


P°K S 
luKs 
<t>K s 


-0.35 ±0.21 
-0.48 ±0.57 
-0.20 ±0.24 
-0.29 ±0.18 


Q6 +um 

u - UD -0.03 
-0 1Q+ 010 

u - 1J -0.06 

r)3 +000 


0.07t^ 

-o.osin^ 

10+O.O8 
u - ±o -0.08 

02+ 01 
u - uz -o.oi 


n n/1 +0. 02+0.01 
u ' uy: -0.03-0.01 
n fM+0.09+0.08 
u - u *-0.10-0.11 
n nl +0.02+0.02 
u - ul -0.04-0.01 

n n^+ 01 + 01 

u - uo -0.04-0.01 



The NLO PQCD predictions for AS/ @, |l_are sum- 
marized in Table IIII1 where those in QCDF [13 ] and in 
QCDF plus long-distance (LD) effects fTj] are also shown 
for comparison. PQCD predicts positive deviations, op- 
posite to the observed ones, except for the B° — > p°K$ 
case. In the B — ► pK decays, both P' and C are almost 
imaginary and parallel to each other. Therefore, PQCD 
predicts the negative ASp0^ s . Among the modes stud- 
ied here, B° — > 4>Ks is the cleanest one, since it dose not 
involve C . The predictions are basically in agreement 
with those in QCDF, but differ from those in QCDF±LD, 
which predicted AS p o^ s > 0. 



focus on B - 
PV modes. 

In the NLO PQCD analysis, it has been found that 
the color-suppressed tree amplitude is enhanced by the 
vertex corrections; the direct CP asymmetries for the 
B — > ttK modes have approached the observed values. 
The B° — > 7r°7r° branching ratio is, however, still too 
small, compared with the measured value. NLO PQCD 
has also predicted the different patterns of the direct CP 
asymmetries among the B — ► irK, irK*, and pK modes 
as shown in Eqs. ©, (O, an d ©. Those patterns, 
if confirmed by data, will support the source of strong 
phases from the scalar-penguin annihilation diagrams in 
the PQCD approach. The predicted mixing-induced CP 
asymmetries for the penguin-dominated modes basically 
show the positive deviations, SnOKs,uKs, tt>Ks ~ sm (20i), 
except for S p o Ks w 0.5. Hence, the central values of the 
current data, AS 7r Ks,uK s ,<l>Ks < ®i seem to be still puz- 
zling. 
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V. SUMMARY 

In this talk, we have summarized the recent works on 
exclusive B meson decays in the PQCD approach, with 
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